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Methods We monitored leaf litter decomposition 
in a Central Amazon tropical rainforest, where fine 
roots were either present or excluded, over 188 days 
and added labile carbon substrates (glucose and citric 
acid) in a fully factorial design. We tracked litter mass 
loss, remaining carbon, nitrogen, phosphorus and cat-
ion concentrations, extracellular enzyme activity and 
microbial carbon and nutrient concentrations.
Results Fine root presence did not affect litter mass 
loss but significantly increased the loss of phosphorus 
and cations from leaf litter. In the presence of fine roots, 
acid phosphatase activity was 43.2% higher, while 
neither microbial stoichiometry, nor extracellular enzyme 
Abstract 
Purpose Large parts of the Amazon rainforest grow 
on weathered soils depleted in phosphorus and rock-
derived cations. We tested the hypothesis that in 
this ecosystem, fine roots stimulate decomposition 
and nutrient release from leaf litter biochemically 
by releasing enzymes, and by exuding labile carbon 
stimulating microbial decomposers.
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activities targeting carbon- and nitrogen-containing 
compounds changed. Glucose additions increased 
phosphorus loss from litter when fine roots were present, 
and enhanced phosphatase activity in root exclusions. 
Citric acid additions reduced litter mass loss, microbial 
biomass nitrogen and phosphorus, regardless of fine root 
presence or exclusion.
Conclusions We conclude that plant roots release 
significant amounts of acid phosphatases into the 
litter layer and mobilize phosphorus without affect-
ing litter mass loss. Our results further indicate that 
added labile carbon inputs (i.e. glucose) can stimulate 
acid phosphatase production by microbial decompos-
ers, highlighting the potential importance of plant-
microbial feedbacks in tropical forest ecosystems.
Keywords Amazon rainforest · Litter 
decomposition · Fine roots · Acid phosphatase · Root 
exudates · Labile carbon
Introduction
The tropical rainforest in the Amazon Basin is one of 
the most productive forest ecosystems in the world 
and contributes about a quarter to the global terrestrial 
carbon (C) sink, playing an immense role in off-
setting anthropogenic  CO2 emissions (Pan et al. 2011; 
Quéré et al. 2018; Hubau et al. 2020). However, about 
60% of the rainforest in the Amazon basin is growing 
on soils strongly depleted in phosphorus (P) and other 
bedrock-derived cations (Quesada et al. 2010). Limited 
P availability could reduce or eliminate the predicted 
stimulatory effect of elevated  CO2  (eCO2) on plant 
productivity, since plants can increase C uptake and 
growth only if they are able to sustain the associated 
higher nutrient demand (Terrer et  al. 2019). Under 
 eCO2 plants can increase belowground C allocation, 
i.e. increase fine root productivity, enzyme or labile C 
exudation to maintain plant nutrient uptake (Iversen 
et al. 2008; Phillips et al. 2011; Jiang 2020). However, 
scarce direct observations of the effects of  eCO2 on 
tropical plant P uptake result in high uncertainties in 
the representation of potential interactions and plant-
soil feedbacks in process-based ecosystem models for 
tropical forests (Fleischer et al. 2019; Du et al. 2020). 
Thus, it is crucial to acquire a better understanding of 
plant and soil interactions to predict the response of 
tropical forest ecosystems to  eCO2 in a more realistic 
way (Cernusak et al. 2013; Hofhansl et al. 2016).
Plants have developed various morphological and 
physiological adaptations in their fine root systems 
to optimize nutrient uptake; they can produce long 
and thin roots, establish symbiotic associations with 
mycorrhizal fungi facilitating the uptake of scarce 
nutrients and direct their growth to nutrient rich soil 
patches (Lambers et al. 2015; McCormack and Iversen 
2019). In tropical forests growing on geologically old 
and highly weathered soils, large amounts of P are 
occluded within the soil matrix and not biologically 
available, so that nutrient cycling from leaf litter and 
organic material is essential to maintain plant growth 
(Walker and Syers 1976; Jordan and Herrera 1981; 
Sayer and Tanner 2010). In these ecosystems, the litter 
and organic layer are heavily intercepted by fine roots, 
which may build large root mats and networks on the 
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soil surface (Stark and Jordan 1978; John 1980; Jordan 
and Escalante 1980). Fine roots growing into the litter 
layer differ morphologically from the ones in mineral 
soil, with the former displaying higher specific root area 
and length (SRA, SRL), but a lower root density, likely 
adaptations to the higher concentrations of nutrients in 
the litter (Liu et al. 2016; Wang et al. 2016).
Fine roots in the litter layer may not only stimulate 
leaf litter mass loss, but are also responsible for taking 
up mineralized nutrients, especially P and cations, 
before they enter the soil solution (Cuevas and Medina 
1988). Such ‘direct nutrient cycling’ prevents nutrients 
from being leached out of the system or from becoming 
adsorbed to the soil matrix (Went and Stark 1968; Herrera 
et  al. 1978; Stark and Jordan 1978). Plant roots can 
stimulate both biochemical and biological mineralization 
processes (McGill and Cole 1981) to increase nutrient 
availability in their close vicinity, the rhizosphere. Plant 
roots do so by releasing enzymes such as phosphatases 
(Spohn and Kuzyakov 2013; Cabugao et al. 2017; Lugli 
et  al. 2020), by exuding compounds such as sugars to 
stimulate microbial activity (e.g. ‘rhizosphere priming’; 
Kuzyakov et  al. 2000) or organic acids to liberate P 
and cations from soil minerals and soil organic matter 
(Keiluweit et  al. 2015; Lambers et  al. 2015). However, 
relatively little is known about if and how plant fine roots 
influence nutrient mineralization in the litter layer.
In tropical forests, litter decay and nutrient mineralization 
rates are generally fast due to hot and humid conditions, 
and are instead predominantly controlled by faunal 
litter fragmentation, litter stoichiometry and microbial 
decomposer activity (Cusack et  al. 2009; Powers et  al. 
2009; Prescott 2010; Peguero et al. 2019). The biochemical 
depolymerization of complex molecules (e.g., cellulose, 
lignin, chitin or proteins) to smaller units available for 
uptake by plants and microbes is catalyzed by a range of 
extracellular enzymes (Sinsabaugh et  al. 2002; Schimel 
and Bennett 2004). Extracellular enzyme activity and litter 
decomposition rates vary with litter type and litter chemistry 
and are often used to infer microbial activity and functioning 
(Allison and Vitousek 2004). However, some enzymes (e.g., 
acid phosphatases) mineralizing ester-bound phosphates 
from organic molecules, are released by both microbes 
and plant roots (Juma and Tabatabai 1988; Nannipieri 
et al. 2011). In tropical forests acid phosphatase activity has 
been shown to vary with tree species, root morphology and 
with soil P availability, confirming a direct plant control 
(Cabugao et  al. 2017; Lugli et  al. 2020). However, the 
potential role of fine root-derived phosphatases released 
directly into the leaf litter layer, where organic P substrate 
is potentially more abundant than in mineral soil layers, has 
not yet been explored.
Another strategy used by plants to increase P availability 
in the rhizosphere is to release exudates, such as sugars 
or organic acids (Hinsinger 2001; Jones et  al. 2009), 
which can account for up to 40–60% of C assimilated 
via photosynthesis (Badri and Vivanco 2009). Plants 
can regulate the allocation of photoassimilates to roots 
and root exudation to adapt to changes in soil nutrient 
availability (Dakora and Phillips 2002), but they can 
also increase C allocation to roots and root exudates to 
maintain an increased nutrient demand in response to 
 eCO2 (DeLucia et al. 1997; Phillips et al. 2011). As soil 
microbial communities are often C-limited, labile C 
compounds in root exudates, such as sugars, can provide 
a readily bioavailable energy-source, facilitating the 
depolymerization of more complex molecules (Dijkstra 
et  al. 2013). However, in contrast to mineral soil, leaf 
litter is a C-rich substrate and soluble C released from the 
decaying plant tissues may provide sufficient substrate 
for heterotrophic microbes (Cotrufo et  al. 2015; Soong 
et  al. 2020). On the other hand, labile C inputs by fine 
roots could be favored over litter bound C as a substrate 
by microbes, which could reduce litter decomposition and 
nutrient mobilization (Barantal et al. 2012). In contrast to 
sugars, carboxylic or organic acids (e.g. citric acid), which 
have been shown to be released by plants in response to 
P deficiency, can modify pH and/or redox potential in the 
rhizosphere (Jones et al. 2004). This can change adsorption 
equilibrium of P in the mineral soil matrix (Hinsinger 2001; 
Lambers et al. 2015), and therefore organic acids released 
by fine roots could increase P and cation availability in the 
soil directly without mediation by the microbial community 
(Keiluweit et al. 2015).
In tropical forests growing on nutrient poor soils, 
fine roots heavily colonize the litter layer, still little is 
known about their morphological traits, their role in litter 
decomposition and nutrient release (Herrera et al. 1978; 
Stark and Jordan 1978), as well as about the mechanisms 
that mediate such processes. We hypothesized that fine 
roots stimulate leaf litter decomposition and nutrient 
release either i) biochemically by releasing enzymes, 
such as phosphatases targeting organic P forms, and/
or ii) by releasing labile carbon to stimulate microbial 
decomposers or to mobilize inorganic P directly. Based 
on a theoretical increased belowground C allocation 
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under  eCO2, we hypothesized that iii) increased inputs 
of labile C into the litter layer will either increase 
microbial activity or promote direct P mobilization. To 
test our hypotheses, we conducted an in-situ leaf litter 
decomposition experiment with native leaf litter with 
roots present and excluded over the course of 188 days 
in a tropical rainforest growing on old and weathered 
soils in Central Amazonia. The litterbags received, 
either water or two different labile C substrate additions 
(glucose and citric acid). We monitored litter fine root 
colonization, litter mass loss and remaining litter C, 
nitrogen (N), P and cation concentrations and aimed to 
partition the potential contributions of fine roots in plant 
biochemical and biological nutrient acquisition.
Materials and methods
Study site
The study was carried out in the experimental area 
of the AmazonFACE program (Lapola and Norby 
2014), located in the Cuieiras Reserve about 60  km 
north of Manaus (Amazonas, Brazil), maintained 
by the National Institute of Amazonian Research 
(INPA). The study area was located on a plateau cov-
ering an area of about 5 ha, where the vegetation is 
composed of a dense, mature and undisturbed rainfor-
est typical of a Central Amazonian Terra-firme forest 
(Pereira et al. 2019). The soil is a clay rich and highly 
weathered Geric Ferralsol with a low concentration 
of total P and rock-derived nutrients; a large propor-
tion of P is bound to secondary soil minerals, such 
as iron and aluminum oxides (Quesada et  al. 2010, 
2011). The average annual rainfall is 2,400 mm, with 
a low monthly precipitation (< 100  mm) from July 
to September, and the average annual temperature is 
26 °C (Araújo et al. 2002).
Experimental design
We conducted a leaf litter decomposition experiment 
starting in August 2016. The leaf litter used for the 
experiment was collected biweekly from eight litter traps 
(50*50 cm, 1 m above the ground) over the course of one 
year before the start of the decomposition experiment 
(August 2015 to August 2016). Leaf litter was oven-
dried at 65  °C for 72  h and stored dry. For the litter 
decomposition experiment, samples from all collections 
were pooled and homogenized, forming a mix of leaves 
of different species. We prepared litterbags with 2-mm 
and 50-µm mesh-sizes (90 per mesh size). Litterbags of 
2-mm mesh size (15*25 cm) were filled with 8 g of dry 
leaf litter mix and were used to monitor decomposition, 
allowing fine roots to colonize the material (root 
presence). Litterbags of 50-µm mesh size (10*12 cm), 
filled with 6 g of dry leaf litter mix were used to monitor 
decomposition excluding fine root colonization (root 
exclusion). Consequently, the root exclusion bags also 
excluded colonization by mycorrhizal hyphae and soil 
macrofauna, but still allowed water and air exchange, 
as well as microbial colonization. We moved the 
root exclusion litterbags once a week to additionally 
eliminate any potential colonization by fine roots.
We wanted to test the influence of different labile 
C inputs during litter decomposition with and without 
roots present, reducing, replacing, and increasing root 
derived labile C inputs, respectively. To achieve this, 
we split both root presence and root exclusion litterbags 
to receive two different labile C substrates, namely 
glucose and citric acid, as well as water as a control. 
We estimated the annual litter C input based on data 
collected by Luizao and Schubart (1987) in areas of the 
Central Amazon. Based on this, we aimed to increase 
labile C inputs by 10% over 6  months, resulting in 
0.31 mg C  g−1 dry litter in root presence and 0.41 mg 
C  g−1 dry litter in root exclusion treatments added 
weekly as either glucose or citric acid. All other 
litterbags received deionized water to account for the 
additional water inputs. The litterbags were placed 
directly on the soil surface distributed in the forest 
in six spatially separated blocks (of an area of about 
3*3 m) at least 10 m apart from each other. Each block 
consisted of five bags of each of the six treatments: 
both root presence and root exclusion litterbags either 
with water, glucose, or citric acid addition. One bag 
per treatment and block was then collected after 38, 72, 
101, 156 and 188 days, resulting in six replicate bags 
per treatment and collection time-point.
Sample collection, root colonization and litter 
decomposition
After each collection, litterbags were screened 
for colonizing roots, which were separated from 
the remaining litter mass. The total remaining 
leaf litter was weighed fresh, then cut to smaller 
pieces and further homogenized, and subsamples 
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were prepared to determine microbial biomass 
and potential extracellular enzymatic activity (see 
detailed description below). The remaining litter was 
weighed again fresh and then dried at 65 °C for 72 h to 
determine the water content and a dry weight to fresh 
weight ratio, which was used to calculate the total 
dry weight of the remaining litter. Subsamples of the 
dried litter were used to determine carbon and nutrient 
concentrations. Litter decomposition was calculated as 
the total litter mass remaining (%) as follows:
where  Wt0 is the initial dry weight of leaf litter, 
and  Wtn is the dry weight at a given collection time 
(tn). Litter mass loss was obtained by the difference 
between the initial mass (100%) and litter remaining 
mass (%) of each collection. To describe the rate of 
decomposition over time, litter decay rates (k) were 
estimated with the commonly used first-order nega-
tive exponential decay model (Olson 1963):
where  Xt0 and  Xtn are initial and final litter masses, 
respectively, and t is time (days).
Root sampling and morphological parameters
Fine root biomass was determined by collecting 
all fine roots < 2  mm diameter in each litterbag. 
First, all roots collected per sample were scanned 
to determine root morphological traits. The images 
were obtained in high resolution at 600 dpi and ana-
lyzed using the software WinRHIZO (WinRHIZO 
Regular, Regent Instruments, Canada) to determine 
mean root diameter, root tissue density (RTD) spe-
cific root length (SRL), specific root area (SRA; 
Metcalfe et al. 2007). After scanning, all roots were 
dried for 72  h at 65  °C and re-weighed. RTD was 
calculated as root dry mass per unit root volume 
(mg  cm−3), SRL as the length per unit root dry mass 
(cm  mg−1), and SRA as fine root surface area per 
unit dry mass  (cm2  mg−1). Finally, we estimated 
the annual net change in fine root biomass in the 
litter layer by calculating the colonization between 
day 0 and 156 (where a peak in root biomass was 
detected).











Structural compounds and nutrient analyses of the 
litter samples
Since we expected fine roots to stimulate the decom-
position of structural compounds and decrease nutri-
ent concentrations in the collected remaining leaf 
litter, all samples were analyzed for lignin and cel-
lulose composition, as well as for total C, N, P and 
cations. Dried leaf litter samples collected at day 0, 
101 and 188 of the decomposition experiment were 
milled to fine powder for chemical analyses. We 
determined structural litter compounds (i.e. lignin 
and cellulose) using the method described by Van 
Soest (1963). Total C and N were analyzed by mass 
spectrometry in an automatic CN analyzer (Vario 
Max CN, Elemental Analyzer, Germany). Total con-
centrations of phosphorus (P), potassium (K), cal-
cium (Ca) and magnesium (Mg) were analyzed after 
digesting samples with nitro-perchloric acid solution 
as described by Malavolta et al. (1989). Total P was 
determined colorimetrically (Murphy and Riley 1962; 
Olsen and Sommers 1982) and read on a UV spectro-
photometer (Model 1240, Shimadzu, Kyoto, Japan). 
Cation concentrations (K, Ca, Mg) were measured by 
atomic absorption spectrophotometry (AAS, 1100 B, 
Perkin Elmer, Ueberlingen, Germany) as described 
by Anderson and Ingram (1993). The proportion of 
remaining structural compounds or element concen-
trations in the litter throughout the decomposition 
experiment was calculated as follows by (McGroddy 
et al. 2004):
where RE are the remaining elements,  X0 is the ini-
tial mean concentration of litter elements or structural 
compounds (Table 1),  Xt is the concentration of ele-
ments at a given collection time (t),  W0 is the initial 
dry weight of the litter and  Wt is the dry weight at a 
given collection time (t).
Microbial biomass C, N and P
We hypothesized that excluding roots reduces, but 
labile C input stimulates microbial biomass C, N and 
P in the leaf litter. We used the chloroform fumigation 










N and P in aliquots of fresh litter within 48 h after lit-
terbag collection (Vance and Nadkarni 1990). From 
each sample, 1  g of leaf litter was fumigated with 
chloroform for 24 h. Samples were divided into two 
aliquots (0.5 g each), one for extractions with 20 ml 
of 1 M KCl to analyze organic extractable C and total 
extractable N, and another for extractions with 20 ml 
of 0.5 M  NaHCO3 (pH 8.5) to analyze total extract-
able P. In parallel, another set of samples was pre-
pared for extraction with the same extractors without 
the fumigation step. Fumigated and non-fumigated 
KCl extracts were analyzed for KCl extractable 
organic C and total extractable N on a TOC/TN ana-
lyzer (TOC-V CPH E200V/TNM-1 220 V, Shimadzu, 
Vienna, Austria). Similarly, total extractable (labile) 
P concentrations in fumigated and non-fumigated 
 NaHCO3 extracts were determined photometrically 
after persulfate digestions (Murphy and Riley 1962; 
Olsen and Sommers 1982) and analyzed on a UV 
spectrophotometer (Model 1240, Shimadzu, Kyoto, 
Japan). Microbial C, N and P were estimated as the 
difference between concentrations determined in the 
respective fumigated and non-fumigated extracts and 
expressed per unit of litter dry mass, without correc-
tion for extraction efficiency (Jenkinson et al. 2004).
Potential extracellular enzyme activity
We expected that fine root exclusion decreases PHOS 
activity stronger than the activity of other enzymes 
exuded only by microbial decomposers. We therefore 
measured the activity of four different extracellular 
enzymes: acid phosphatases (PHOS), released by 
plant roots and microbes, as well as of cellobiosidase 
(CB), ß-glucosidase (BG), and N-acetylglucosami-
nidase (NAG) all released by microbes. Within 48 h 
after litterbag collections a subsample of fresh litter 
per collected litterbag was used to determine poten-
tial extracellular enzyme activity rates. The assays 
were performed using 4-methylumbelliferyl (4-MUF) 
marked substrates. We used 4-MUF-phosphate as 
substrate for PHOS, 4-MUF-cellobioside to ana-
lyze CB, 4-MUF-β-D-glucopyranoside for BG, and 
4-MUF-N-acetyl-β-D-glucosaminide for the exochi-
tinase NAG (Marx et al. 2001; Saiya-Cork et al. 2002; 
DeForest 2009). Briefly, a slurry with 0.5 g of litter 
and 50 ml of 100 mM sodium acetate buffer, pH 5.5, 
was homogenized by vigorous stirring using a vortex 
for 1  min. Per sample, slurry was pipetted in tripli-
cates into black microplates and incubated with the 
respective substrates in the dark at room temperature 
(25 °C) for 40 min; in addition, we included substrate 
and quenching blanks in triplicates per plate on all 
microplates (German et al. 2011). Then fluorescence 
was measured on a microplate analyzer (TECAN 
i-control 200Pro, Groedig, Austria) at 365  nm exci-
tation and 450  nm emission. Potential extracellular 
enzyme rates were calculated according to German 
et  al. (2011) and enzymatic activity is expressed in 
nmol  g−1 dry leaf  h−1.
Statistical analysis
We tested the effects of root presence/exclusion and 
labile C additions on leaf litter decomposition, nutri-
ent dynamics, microbial biomass, and extracellular 
activity with linear mixed models (LMMs) using the 
package lme4 by the lmer function (Bates et al. 2015) 
in R (R Core Team 2020). First, we tested the effect 
of fine root presence/exclusion (considering only the 
samples that received no labile C additions). Sec-
ond, we tested the effects of labile C additions and 
potential interactions with fine root presence/exclu-
sion using the entire data set, with labile C addi-
tion and root presence/exclusion as fixed factors. In 
all models ‘time’ and ‘blocks’, were considered as 
random factors to account for temporal and spatial 
heterogeneity. In both analyses’ groups (no labile C 
addition and entire dataset), we used Akaike’s infor-
mation criterion (AIC) to determine the best model 
Table 1  Initial chemical composition of leaf litter used for the 
decomposition experiment
Nutrient ratios (C:N, C:P) are molar based. Values shown are 
means and SE (n = 6)
Average  ± SE
Total C (%) 47.86  ± 0.19
Total N (%) 1.50  ± 0.02
Total P (g  kg−1) 0.13  ± 0.002
C:N molar 35.58  ± 1.56
C:P molar 9,621.85  ± 1,737.37
Lignin content (%) 37.87  ± 2.20
Cellulose content (%) 28.06  ± 1.06
Total K (g  kg−1) 0.90  ± 0.02
Total Ca (g  kg−1) 4.46  ± 0.09
Total Mg (g  kg−1) 1.60  ± 0.009
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(least significant fixed effects and interaction between 
them), retaining the one with the lowest AIC value. 
The residuals of all variables were checked for nor-
mality and homogeneity of variance. Post-hoc tests 
accounting for multiple comparisons between treat-
ments were conducted using Tukey’s test available in 
emmeans package (Lenth et al. 2020).
Results
Fine root colonization of leaf litter
In root exclusion litterbags no roots were detectable. 
In litterbags with fine root access fine root coloni-
zation was detectable only at the second collection 
(after 72  days) of the litter decomposition experi-
ment. After 72  days, fine root biomass in controls 
receiving water additions increased to 1.74  g   m−2 
(± 0.84, SE), reaching a peak of 6.81 g   m−2 (± 1.37, 
SE) after 156 days (Fig. 1), which was estimated as a 
net increase in fine root biomass of 15.9 g  m−2  yr−1. 
From day 156 to 188, there was a 54.5% reduction of 
fine root biomass to 3.10 g  m−2 (± 1.60, SE; Fig. 1). 
Labile C additions had no significant effect on fine 
root biomass during the experiment (Table S1). The 
average diameter of the fine roots collected per lit-
terbag ranged between 0.17 and 1.01 mm, and RTD 
from 84 to 925 mg   cm−3. SRL ranged from 0.75 to 
13.22 cm  mg−1, and SRA from 0.14 to 1.41  cm2  mg−1 
(Fig.  S1). Fine root morphology did not vary sig-
nificantly over time and was not affected by labile C 
additions (Table S1).
The effect of fine roots on litter decomposition 
dynamics
The presence/exclusion of fine roots had no signifi-
cant effect on the remaining leaf litter mass over the 
course of our experiment (Table S1, Fig. 2a), with lit-
ter mass decay constants (k) of 1.01 and 0.94   year−1 
with roots present and excluded, respectively. The 
presence of fine roots did, however, significantly 
reduce structural compounds, in particular the lignin 
fraction in the remaining litter (F1:16 = 8.04, P = 0.01; 
Fig S2a).
Similar to litter mass loss, root presence/exclu-
sion did not change the loss of C and N from litter 
(Table  S1; Fig.  3a-b, for C and N, respectively). In 
contrast, fine root presence significantly stimulated 
the loss of P and cations from litter. Total remaining P 
in the litter after 188 days was significantly lower with 
root presence than when roots were excluded (64.3% 
vs. 98.4%, respectively) (F1:2911.21, P = 0.002). Simi-
larly, at the end of the experiment fine root presence 
reduced remaining K (F1:52 = 10.67, P = 0.001), Ca 
(F1:29 = 13.34, P = 0.001), and Mg (F1:48 = 23.64, 
P = 0.001), which were 8.9, 23.4, and 20.0%, respec-
tively, lower compared to litter with root exclusion 
(Fig. 3d-f).
Labile C addition effects on litter decomposition 
dynamic
The effect of glucose and citric acid addition on the 
remaining leaf litter mass did not differ between root 
presence/exclusion, but it changed with the C com-
pound added (F2:146 = 3.03, P = 0.05); compared to 
controls and glucose treatments, citric acid additions 
significantly reduced litter mass loss (Fig. 2b). In con-
trast, labile C additions influenced the release of P 
(F2:163 = 4.84, P = 0.01) and K (F2:142 = 3.50, P = 0.03) 
Fig. 1  Fine root biomass over the course of the leaf litter 
decomposition experiment for samples with root presence and 
no labile C additions (control). No root growth was detected by 
day 38 of the experiment. Box plot midlines are medians, box 
edges are first and third quartiles, whiskers indicate minimums 




from the litter depending on root presence/exclusion 
(root presence*labile C addition). With fine roots 
present, glucose additions stimulated P and K release 
compared to root exclusion (Fig.  4a, b), while citric 
acid additions reduced the release of K compared to 
glucose additions and water controls (Fig. 4d).
Potential extracellular enzyme activity and microbial 
biomass during litter decomposition
We found that activity rates of all enzymes consid-
ered to be released by microorganisms, such as CB 
and BG (involved in cellulose degradation), and NAG 
(catalyzing the degradation of glucosamine), showed 
a high temporal variation with a sharp increase in the 
first 38  days, followed by a constant decrease over 
the course of the experiment. However, CB, BG and 
NAG were not affected by root presence/exclusion, 
nor by labile C additions (Table S1; Fig S4). In con-
trast, on average across all time points PHOS was sig-
nificantly increased by 43.2% when roots were present 
compared to root exclusions (F1:29 = 11.43, P = 0.002; 
Fig. 5a). Glucose additions increased PHOS activity 
only when roots were excluded, but not when roots 
were present. In contrast, citric acid addition consist-
ently resulted in lower PHOS activity compared to 
samples receiving glucose additions, regardless of 
fine root presence/exclusion (F2:141 = 5.14, P = 0.006; 
Fig. 5b).
Microbial biomass C, N and P varied strongly dur-
ing the litter decomposition experiment, reaching a 
maximum at 101 days (Fig S5). Microbial biomass C 
was neither affected by fine roots presence/exclusion, 
nor by labile C additions. In contrast, microbial N 
and P were lower in litter bags with citric acid addi-
tions compared to controls, whereas glucose addition 
had no effect (F2:76 = 3.04, P = 0.05 and F2:124 = 3.85, 
P = 0.02 respectively; Fig S5).
Discussion
In tropical forests fine roots often form large mats 
within the litter layer, but little is known about their 
characteristics, as well as the mechanisms they 
apply in nutrient foraging and their interactions 
with microbial decomposers. Contrary to our first 
hypothesis that roots stimulate litter mass loss, we 
Fig. 2  Litter mass remaining (in % of initial litter mass) over 
the course of the decomposition experiment: a) no significant 
effect of fine roots present (circles) or fine root exclusion (tri-
angles) on litter mass remaining (water-controls, n = 6) and b) 
no significant influence of water (grey circle), glucose (red cir-
cle) or citric acid (blue circle) additions on the remaining lit-
ter mass (combining root presence and exclusion treatments, 
n = 12; error bars show standard errors of means)
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found that fine roots did not directly influence litter 
decomposition, but rather increased the degrada-
tion of structural compounds and nutrient release. 
Moreover, we observed a significant decrease in 
acid phosphatase activity when fine roots were 
excluded from the litter layer, accompanied by a 
reduced loss of P, but also of cations, especially of 
K, from the litter. Our results indicated that when 
fine roots were absent, labile C additions, espe-
cially of glucose, increased microbial PHOS activ-
ity, while citric acid addition instead reduced min-
eral nutrient mobilization. In turn, increased labile 
C compounds neither increased microbial biomass, 
nor enzymatic activity, but glucose addition stimu-
lated P and K release from litter when roots were 
present compared to roots excluded.
Fine roots do not accelerate litter mass loss, but 
stimulate nutrient mobilization
Fine roots accessing nutrients directly in the surface 
litter layer is likely one of the most important strat-
egies of “direct nutrient cycling” in tropical forests 
(Went and Stark 1968; Stark and Jordan 1978; Jor-
dan and Escalante 1980). Indeed, our study site was 
characterized by high net fine root production in the 
litter layer (15.9 g  m−2  yr−1), which was higher than 
in a tropical forest in Panama (5.7 g  m−2  yr−1; Sayer 
et al. 2006) and in temperate forests (2.6 g  m−2  yr−1; 
Liu et  al. 2016), corroborating their important role 
for nutrient recycling in this ecosystem. Morpho-
logical traits of fine roots colonizing the litter layer 
in our experiment were comparable to those in the 
Fig. 3  Element dynamics in remaining leaf litter over the 
course of the decomposition experiment with fine roots present 
and excluded of controls only. The figures show litter mass loss 
corrected remaining nutrient content in % of the samples of a) 
total carbon, b) total nitrogen, c) total phosphorus, d) potas-
sium e) calcium, f) and magnesium; (error bars show standard 
errors of means for n = 6)
 Plant Soil
1 3
upper mineral soil layers of a nearby tropical forest 
site (Lugli et al. 2020). However, both SRL and RTD 
in the litter were slightly higher than in mineral soil 
(Lugli et  al. 2020), indicating that roots in the litter 
layer are thinner but denser, possibly as an adaptation 
to harsh environmental conditions in the upper lit-
ter layer (Eissenstat and Yanai 1997; Laliberté et al. 
2015; Ushio et al. 2015).
The litter decay constant k in our study was com-
parable to those found in other tropical sites (Hät-
tenschwiler et al. 2011). However, in contrast to our 
hypothesis and earlier observations by Cuevas and 
Medina (1988), in our experiment, fine roots did not 
affect total litter mass, nor C and N loss, but reduced 
the lignin fraction in the remaining litter, which may 
have led to an accelerated mass loss in later stages 
of decomposition. Excluding fine roots may have 
excluded soil meso- and likely some soil microfauna 
(Powers et al. 2009; Peguero et al. 2019), however, we 
did not find a significant impact on litter mass loss. 
Moreover, the lack of differences in mass loss rates 
suggests that the size of the litterbags did not influ-
ence the results. Nevertheless, we detected a signifi-
cantly higher loss of P, K, Ca, and Mg from leaf lit-
ter when fine roots were present than when they were 
excluded (Fig. 3c-f). This supports the hypothesis that 
fine roots stimulate nutrient mobilization from the lit-
ter (Cuevas and Medina 1988) and corroborates find-
ings by Luizão et al. (2007) in an Amazonian tropical 
forest, that fine roots increase the release of cations 
(Ca, Mg, Mn, and Zn) without inducing changes in 
litter decomposition. Such differential effects of 
Fig. 4  The influence of 
labile C additions on a) 
remaining mass of initial 
phosphorus (%) and b) 
remaining mass of initial 
potassium (%) in leaf litter 
during 188 days of decom-
position with fine roots 
present and excluded; (error 
bars show standard errors of 
means for n = 6)
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fine root presence on C and nutrient mineralization 
rates may indicate different controls over biochemi-
cal (via enzymes) and biological mineralization (via 
microbes) during decomposition as suggested by 
McGill and Cole (1981).
Biochemical and biological mineralization processes 
during litter decomposition
In the litter layer organic matter bound C, N and P 
bound in organic matter are the main (energy) source 
for heterotrophic microorganisms. In particular dur-
ing the early phase of litter decomposition, the pre-
dominant release of soluble fractions triggers a 
sequence of microbial succession starting with oppor-
tunists specialized in quickly accessing those labile 
resources, followed within weeks and months by 
more specialized decomposers able to break down the 
more complex cellulose and lignin fractions (Moor-
head and Sinsabaugh 2006; DeAngelis et  al. 2013; 
Cotrufo et  al. 2015). In accordance, we found that 
independent of the presence of fine roots, ~ 30% of 
the litter mass was already lost in the initial 101 days 
of the experiment (in particular soluble and cellu-
lose compounds, Fig. S2). Simultaneously, microbial 
CB and BG rates peaked, which suggests they were 
released as a response to increased cellulose and pol-
ysaccharide substrate availability, rather than to high 
microbial C demand (Nannipieri et  al. 2012). Litter 
colonization by microbes (including potentially by 
mycorrhizal hyphae) seemed to have happened fast 
and independently of fine root colonization. During 
litter decomposition microbes can become tempo-
rarily limited by N (or P), especially when litter C:N 
ratios are above 40 (Parton et al. 2007); in our experi-
ment, litter C:N was between 34.0 and 37.1, there-
fore we would instead expect sufficient N available 
for enzyme production or a net release of N during 
decomposition, but no microbial N limitation.
Phosphorus, in contrast, can be mineralized bio-
chemically independently by phosphatases catalyz-
ing the hydrolysis of  PO4− without  CO2 production 
(McGill and Cole 1981; Dijkstra et  al. 2013). Our 
findings suggest that when roots were colonizing 
leaf litter, both PHOS activity rates and P losses 
were higher, which confirms our hypothesis that 
plants invest in enzymes to mobilize P from litter, 
and do not only rely on microbial enzymatic PHOS 
activity. Although similar patterns have previously 
been observed in mineral soils (Spohn and Kuzya-
kov 2013; Cabugao et al. 2020), we here identified 
for the first time root-derived PHOS activity as an 
active mechanism also in the litter layer in a tropi-
cal forest. However, as Spohn and Kuzyakov (2013) 
reported, not only plant but also microbial PHOS 
activity can be higher in the rhizosphere and, we 
may have overestimated the plant-derived PHOS 
contribution, as by excluding roots we also excluded 
Fig. 5  Potential activity of acid phosphatase (PHOS) over the 
course of the leaf litter decomposition experiment a) Effect of 
fine root presence or exclusion only of samples without labile 
C additions (controls) and b) Effect of labile C additions effect 
with root present and excluded; (error bars show standard 
errors of means for n = 6)
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rhizosphere microbial communities. In our experi-
ment the microbial decomposer community seemed 
to be strongly limited by P as the initial leaf litter 
C:P ratio was 9621, and values > 1800 have been 
found to strongly reduce microbial P mobilization 
(Mooshammer et  al. 2012). Indeed, we observed 
high P immobilization in the colonizing microbial 
biomass, regardless of root presence or absence 
(Fig. S5).
The role of fine roots and microbial communi-
ties in releasing cations from litter has hardly been 
addressed before. As with P, the variation in cati-
ons in the Amazon basin follows a pedogenic gra-
dient, with lower concentrations of available cati-
ons in more weathered soils (Quesada et  al. 2010, 
2011). In our study, we found that not only P, but 
also K, Ca and Mg mobilization from litter was sig-
nificantly higher when roots were present. This fur-
ther corroborates findings from a nutrient manipu-
lation experiment in the Central Amazon (Lugli 
et al. 2021), which suggests that cations might be as 
important for plant metabolism as P. Another mech-
anism for intercepting P and other mineral nutri-
ents directly from the litter layer in tropical forests 
is the symbiotic association between fine roots and 
arbuscular mycorrhizal fungi (Herrera et  al. 1978; 
Hättenschwiler et  al. 2011; Lu and Hedin 2019). 
Although arbuscular mycorrhizal fungi may be less 
efficient in organic matter degradation compared to 
ectomycorrhizal fungi (Hodge et al. 2001), they still 
increase the absorptive surface area of fine roots 
(Smith and Read 2008; Bunn et al. 2019), and they 
can be highly efficient in the acquisition not only of 
P, but also of other elements, such as Ca, Mg, K and 
Sulphur (Siqueira et al. 1998; Zangaro et al. 2003). 
Although in our study we did not evaluate fine root 
colonization by mycorrhizal fungi or hyphal bio-
mass in the litter layer, they still may have contrib-
uted to the faster decrease of P and cations from 
litter.
In summary, our results confirm that the mobi-
lization of P and cations from litter occurs inde-
pendently from C and N mineralization. Moreover, 
phosphatases released by fine roots need to be con-
sidered as mechanisms for P mobilization in the leaf 
litter layer in tropical forests. Mechanisms for direct 
cation mobilization in the litter layer, and the poten-
tial contribution of mycorrhizal fungi, need further 
investigation.
Labile C additions do not stimulate litter mass loss, 
but change mineral nutrient dynamics
Since  eCO2 and climate change can induce changes in 
the quantity and quality of plant belowground C allo-
cation and root exudation (Iversen et al. 2008; Phillips 
et al. 2011; Jiang 2020), we aimed to investigate the 
influence of different common primary compounds in 
root exudates known to trigger differential responses 
in the rhizosphere. In soils, where C can be a scarce 
resource, low molecular weight C exudates by roots 
can stimulate the decomposition of more stable soil 
organic matter (‘rhizosphere priming’; Kuzyakov 
et  al. 2000). In litter however, our results confirmed 
that independently of root presence/exclusion, the 
addition of glucose, a simple sugar, did not change 
litter mass loss, or the mineralization of C or N, sug-
gesting that microbial decomposers already have 
access to sufficient resources (Soong et al. 2020). In 
contrast, glucose additions further increased P release 
from leaf litter when fine roots were present with-
out increasing microbial biomass or PHOS activity 
rates (Figs. 4 and 5). This suggests that glucose may 
have stimulated microbial biomass turnover, without 
increasing net growth or P immobilization, maybe 
due to a co-induced limitation by N (Barantal et  al. 
2012), but nevertheless this may have indirectly aided 
plant P acquisition (Spohn and Kuzyakov 2013). In 
contrast, when roots (and thereby labile C inputs by 
roots) were excluded, P release from litter was lower 
than with roots present, and glucose additions did 
not significantly affect P mobilization, but instead 
increased microbial PHOS activity rates. On the one 
hand, excluding roots may have reduced the competi-
tion between roots and microbes not only for P, but 
also for N, which could instead have been used by 
microbes to invest in PHOS production. On the other 
hand, this indicates that even in C-rich litter microbes 
seem to rely on labile plant C inputs (Barantal et al. 
2012) and glucose additions may have supplemented 
root-derived C inputs for microbes providing, energy 
to mine for P to maintain and satisfy the microbial P 
demand (Dijkstra et  al. 2013; Spohn and Kuzyakov 
2013).
In contrast, citric acid additions tended instead 
to reduce litter mass loss compared to controls and 
glucose additions (Fig.  2b, Table  S1) and reduced 
the microbial N and P, increased microbial C:N and 
C:P ratios, and decreased NAG activity compared to 
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controls (Fig.  S5, Table  S1). The apparent adverse 
effects of citric acid could be related to a change in 
pH affecting the microbial community (Jones et  al. 
2004), possibly selecting for fungi rather than bac-
teria, indicated by changes in the microbial C:N and 
C:P ratios (Mouginot et  al. 2014). Citric acid addi-
tions reduced the release of K from litter compared to 
glucose additions and controls only when roots were 
present. Exudation of organic acids into the rhizos-
phere has been identified as an important mechanism 
to increase the release of soil organic C from min-
eral complexes (Keiluweit et  al. 2015) and enhance 
phosphate availability in soil solution (Oburger et al. 
2011), but it can also form complexes with mineral 
cations (Welch et al. 2002); however, the influence of 
organic acids on the release of K from litter is still not 
clear.
In summary, this lack of positive responses to 
increased labile C inputs to leaf litter in the form of 
glucose additions when fine roots are present sug-
gests that microbial decomposers may have sufficient 
access to C during initial stages of litter decomposi-
tion, when most soluble C compounds are released 
(Soong et  al. 2020), and increased growth or activ-
ity could be limited by N or other nutrients. Never-
theless, the microbial community response and the 
subsequent litter decomposition and nutrient miner-
alization dynamics will depend directly on which C 
compounds are being exuded by roots, either stimu-
lating microbial activity or likely by inducing micro-
bial community shifts.
Conclusions
Our study gives observational evidence that fine root 
proliferation in the litter layer is an important and effi-
cient mechanism by plants to intercept and acquire 
essential nutrients such as P, K, Ca and Mg. The fact 
that plant roots directly stimulate biochemical (enzy-
matic) P mobilization in the litter layer could – under 
future  eCO2 scenarios – increase the turnover and recy-
cling of P in the litter layer. While this can be a com-
petitive advantage for plants, this could reduce the P 
returned to soil and could reduce soil microbial growth 
and biomass production. However, our experiment also 
showed that labile C inputs did not stimulate litter mass 
loss rates, but rather PHOS activity. Hence, if plants 
increase the allocation of C towards exudation under 
 eCO2 scenarios, this could accelerate litter P cycling to 
potentially support plant growth, but not lead to higher 
C loss from litter as heterotrophic respiration.
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